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Abstract 

Intra-fuel-cell  measurements  are  required  to  understand  detailed  fuel-cell  chemistry  and  physics,  validate  models,  optimize  system  design 
and  control,  and  realize  enhanced  efficiency  regimes;  in  comparison,  conventional  integrated  fuel-cell  supply  and  effluent  measurements  are 
fundamentally  limited  in  value.  Intra-reactor  measurements  are  needed  for  all  fuel  cell  types.  This  paper  demonstrates  the  ability  of  a  capillary-inlet 
mass  spectrometer  to  resolve  transient  species  distributions  within  operating  polymer-electrolyte-membrane  (PEM)  fuel  cells  and  at  temperatures 
typical  of  solid-oxide  fuel  cells  (SOFC).  This  is  the  first  such  demonstration  of  a  diagnostic  that  is  sufficiently  minimally  invasive  as  to  allow 
measurements  throughout  an  operating  fuel  cell  stack.  Measurements  of  transient  water,  hydrogen,  oxygen  and  diluent  concentration  dynamics 
associated  with  fuel-cell  load  switching  suggest  oxygen-limited  chemistry.  Intra-PEM  fuel  cell  measurements  of  oxygen  distribution  at  various 
fuel-cell  loads  are  used  to  demonstrate  concentration  gradients,  non-uniformities,  and  anomalous  fuel  cell  operation. 
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1.  Introduction 

Improved  fuel  cell  efficiencies  can  be  realized  through 
detailed  understanding  of  device  chemistry  and  physics  pro¬ 
vided  by  in  situ  intra-reactor  measurements  that  resolve  tran¬ 
sient  species  concentration  distributions  across  and  within  the 
cells.  Such  species  variations  reflect  changes  in  the  manifold 
sub-processes  involved  in  fuel  cell  operation;  e.g.,  reactants 
and  products  distribution  and  transport,  localized  and  possi¬ 
bly  dynamic  active-site  blocking,  membrane  degradation,  etc. 
In  turn,  such  species  measurements  can  be  used  to  better  under¬ 
stand  and  optimize  the  component  processes.  With  integrated 
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or  reactor-in  and  -out  (i.e.,  supply  and  effluent)  measurements, 
the  process  can  only  be  optimized  on  average.  In  contrast,  intra¬ 
reactor  measurements  allow  higher- order  optimization  through¬ 
out  the  fuel  cell. 

The  need  for  and  potential  of  such  advanced-measurement- 
driven  insights  is  recognized  by  the  broad  fuel  cell  community  as 
demonstrated  by  the  diversity  of  approaches  for  resolving  vari¬ 
ous  intra-reactor  distributions.  Nishikawa  et  al.  used  a  segmented 
polymer  electrolyte  fuel  cell  (PEMFC)  and  commercially  avail¬ 
able  humidity  and  temperature  sensors  to  study  the  distribution 
of  water  transport  across  the  membrane  [1].  This  transport  was 
correlated  with  current  density  distributions,  humidity,  polymer 
membrane  water  content  and  cathode  oxygen  concentration.  The 
observations  allowed  a  better  understanding  of  the  dynamic  effi¬ 
ciency  distributions  along  the  fuel  cell  flow  path.  Hakenjos  et 
al.  applied  infrared  (IR)  and  visible  imaging  techniques  to  a 
segmented  PEMFC  with  an  IR  window  over  the  anode  flow 
path  to  study  intra-reactor  current,  temperature  and  water  distri¬ 
butions  [2].  Through  this  work  they  associated  intra-PEMFC 
areas  of  low  current  density  with  specific  loss  mechanisms, 
and  suggested  that  through  this  improved  knowledge  optimized 
flow-field  designs  could  be  realized.  Barreras  et  al.  modified 
a  commercial  PEMFC  to  gain  optical  access  throughout  one 
flow  path  and  used  laser-induced  fluorescence  imaging  to  study 
reactant  flow  distributions  [3].  The  results  were  used  to  val- 


W.P  Partridge  et  al.  /  Journal  of  Power  Sources  160  (2006)  454-461 


455 


idate  flow  models,  identify  the  source  of  non-uniform  flow, 
and  better  understand  the  sources  of  inefficiencies.  Mench  et 
al.  used  gas  chromatography  to  measure  species  distributions, 
including  water,  O2  and  N2,  on  the  anode  and  cathode  sides  of 
a  PEMFC’s  22-pass  serpentine  flow  path.  Measurements  were 
made  with  2  min  temporal  resolution  and  used  to  better  under¬ 
stand  the  distributed  nature  of  water  transport  and  chemistry,  and 
its  relation  to  local  PEMFC  output  [4].  Roth  et  al.  used  in  situ 
X-ray  absorption  fine-structure  spectroscopy  (XAFS)  to  actively 
monitor  the  catalyst  oxidation  states  at  a  select  location  within 
an  operating  PEMFC,  and  stated  the  importance  of  the  tech¬ 
nique  for  studying  aging  and  deactivation  processes  [5].  Kramer 
et  al.  applied  neutron  imaging  to  a  direct  methanol  fuel  cell 
(DMFC)  to  study  two  phase  flow  in  various  flow-path  geome¬ 
tries  [6].  This  work  demonstrated  the  transient  and  distributed 
nature  of  mass- transport  limitations,  and  corresponding  distri¬ 
butions  in  the  intra-DMFC  electrochemistry  efficiency.  Of  the 
works  cited  above,  that  of  Kramer  et  al.  was  the  least  invasive 
and  the  only  one  that  did  not  require  direct  flow-path  access  or 
invasive  modifications.  This  diverse  group  of  efforts  not  only 
demonstrates  the  need  for  intra-fuel  cell  diagnostics,  but  high¬ 
lights  the  range  of  component  processes/issues  that  can  have 
distributed  performance  and  impact  the  local  and  integrated  fuel 
cell  efficiency.  All  of  the  cited  works  demonstrate  significant 
progress  to  better  understand  some  component  process  critical 
to  fuel  cell  efficiency.  A  common  limitation  of  this  diverse  group 
of  diagnostics  for  resolving  intra-fuel-cell  distributions  is  that 
they  require  end-plate  access  and  are  all  limited  to  single  cell 
applications;  i.e.,  they  cannot  be  applied  to  resolve  inter-cell 
distributions.  Moreover,  other  than  the  neutron  imaging  work 
[6],  the  cited  diagnostics  are  of  varying  degrees  of  invasive¬ 
ness.  This  is  generally  representative  of  fuel  cell  diagnostics; 
they  are  invasive  and  have  limited  ability  for  full- stack  analy¬ 
sis.  Improved  diagnostics  that  are  minimally  invasive  and  allow 
full-stack  analysis  are  needed  to  realize  optimum  efficiencies 
through  better  understanding  of  the  detailed  fuel  cell  component 
processes. 

Although  the  previous  examples  are  limited  to  PEMFC  and 
DMFC  devices,  intra-fuel-cell  and  inter-stack  diagnostics  are 
needed  to  improve  the  understanding  and  efficiency  of  all  fuel 
cell  types.  SOFC  gas  analysis  is  generally  recognized  as  par¬ 
ticularly  difficult  [7].  Nevertheless,  advanced  diagnostics  have 
been  applied  to  study  fundamental  SOFC  chemistry  [8-10].  The 
work  of  Finnerty  et  al.  is  particularly  notable  in  the  context  of  this 
paper  in  that  an  MS  was  used  to  resolve  transient  SOFC  reform¬ 
ing  and  carbon  deposits  [10];  Finnerty’s  paper  demonstrates  the 
value  of  real-time  in  situ  diagnostics  for  understanding  detailed 
reactor  chemistry,  but  on  an  integrated  reactor-effluent  basis. 
Minimally  invasive  intra-reactor  diagnostics  could  extend  these 
insights  to  allow  the  distributions  of  reactions  within  the  SOFC 
to  be  studied. 

Spatially  resolved  capillary-inlet  mass  spectrometry 
(SpaciMS)  is  a  candidate  species  diagnostic  for  making 
minimally  invasive  intra-  and  inter- stack  measurements  within 
fuel  cells.  The  instrument  is  based  on  direct  capillary  sampling 
to  a  residual  gas  analyzer;  i.e.,  capillaries  are  directly  mounted 
in  the  bipolar-plate  channels,  blocking  less  than  3%  of  the 


flow-path  and  sampling  at  approximately  lOjjiFmin-1.  This 
sampling  methodology  is  minimally  invasive  and  enables 
species  measurements  in  both  single-  and  multi-cell  configu¬ 
rations.  Moreover,  the  SpaciMS  measurement  methodology  is 
relatively  easy  to  configure  and  implement,  and  thus  accessible 
to  the  entire  fuel-cell  community. 

This  instrument  was  primarily  developed  to  improve  the 
understanding  of  the  detailed  chemistry  and  species  distribu¬ 
tions  in  diesel  engine  exhaust  and  catalyst  systems,  and  has 
been  successfully  implemented  into  a  wide  range  of  conditions 
including:  catalyst  beds  on  both  bench-scale  [11,12]  and  full- 
engine  platforms  [13,14],  advanced  diesel  combustion  [15],  non¬ 
reacting  gas  mixing  [16],  and  electrically  active  non-thermal 
plasma  reactor  chemistry  [  1 7] .  In  these  applications  the  SpaciMS 
has  been  configured  to  provide  104  ms- 1  s  temporal  resolution 
(based  on  T10-90  response,  i.e.,  time  between  the  10%  and 
90%  response  points),  and  quantify  species  concentrations  in 
the  10  ppm  to  tens  of  percent  ranges.  Although  these  applica¬ 
tions  have  required  concentration  gradients  to  be  measured  only 
on  centimeter  scales,  the  spatial  resolution  is  limited  only  by 
the  ability  to  control  capillary  translation;  e.g.,  2  mm  spatial  res¬ 
olution  should  be  readily  feasible.  The  SpaciMS  has  provided 
unique  detail  regarding  the  network  and  sequence  of  catalyst 
chemistry,  and  previously  unavailable  insights  into  improving 
the  performance  efficiency  of  diesel-catalyst  systems.  Similar 
unique  insights  into  fundamental  fuel  cell  chemistry  and  physics 
are  expected  from  SpaciMS  applications. 

Fuel  cell  applications  offer  several  additional  challenges  to 
SpaciMS  measurements  compared  to  the  primarily  combustion 
and  catalysis  examples  cited  above.  Diesel  catalyst  environ¬ 
ments  are  typically  300-450  °C,  non-condensing,  with  at  most 
typically  percent  levels  of  hydrogen.  For  fuel  cells  using  pure 
H2,  there  may  be  challenges  to  measuring  small  concentration 
changes  on  a  large  baseline.  High  temperature,  800-1000  °C, 
SOFC  operation  will  affect  both  the  mechanical  nature  of  the 
capillary  physical  probe,  as  well  as  the  sample  density  and  thus 
signal  level.  The  condensing  PEMFC  environment  increases 
the  possibility  of  capillary  probe  occlusion  by  liquid  water. 
The  effort  described  here  details  the  investigation  of  these 
issues  and  assesses  the  feasibility  of  SpaciMS  for  the  described 
applications.  This  paper  describes  the  first  application  of  the 
SpaciMS  for  the  measurement  of  fuel  cell  species  transients 
associated  with  load  switching,  and  intra- fuel-cell  species  distri¬ 
butions.  Measurements  are  made  at  temperatures  characteristic 
of  PEMFC  and  SOFC  devices  to  demonstrate  broad  instrument 
applicability. 

2.  Experimental 

2.7.  Fuel  cell  platform 

A  commercially  available  (ProFC-3,  H2  Economy)  three-cell 
PEMFC  stack,  with  7  cm  x  7  cm  active  area  per  cell,  was  used 
for  the  research  described  here.  The  graphitic  bipolar  plates 
incorporated  13-pass  918  mm  long  dual  parallel  serpentine  flow 
channels,  with  crossed  anode-cathode  flow  paths.  The  flow  paths 
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Fig.  1.  Schematic  of  fuel-cell  system. 

consisted  of  1.27  mm  diameter  half  channels,  with  0.633  mm2 
cross-sectional  flow  area.  When  assembled,  the  inlet  and  outlet 
manifolds  were  common  for  the  three  parallel  cells. 

A  schematic  of  the  fuel  cell  system  is  shown  in  Fig.  1.  Mass 
flow  controllers  (MKS  Instruments,  Inc.)  were  used  to  meter 
bottled  gas  (Air  Liquide,  H2:  UHP,  O2:  Research  Grade,  Ar: 
UHP)  to  the  fuel  cell.  Reactant  humidity  was  controlled  by 
bubbling  reactant  gasses  through  deionized  water,  heated  in  a 
water  bath  (Neslab  RTE-110).  SpaciMS  probes  were  installed 
at  select  locations  throughout  the  anode  and  cathode  flow 
paths.  Back  pressure  regulators  (Swagelok  KCB1A0C5EP1 1) 
were  used  to  operate  the  fuel  cell  at  the  specified  pressure. 
The  fuel  cell  and  proximal  plumbing  were  wrapped  in  heat 
tape,  and  Variacs  used  to  control  the  temperature  to  83  °C. 
A  manually  switched  resistive  load  bank  was  used  to  create 
load  variations.  The  anode  reactant  conditions  were  35%  H2, 
35%  Ar,  30%  H2O,  22  psig;  100  seem,  50/50  E^/Ar  dry  gas 
mixture.  The  cathode  reactant  conditions  were  14%  O2,  56% 
Ar,  30%  H2O,  25  psig;  100  seem,  20/80  02/Ar  dry  gas  mix¬ 
ture.  This  corresponds  to  an  oxygen-limited  equivalence  ratio 
of  0.8  based  on  standard  PEMFC  electrochemical  reactions 
[18]. 

2.2.  Simulating  SOFC  temperatures 

To  investigate  applicability  of  SpaciMS  for  quantifying  tran¬ 
sient  species  distributions  at  SOFC-typical  temperatures,  the 
PEMFC  exhaust  streams  were  heated  to  900  °C.  To  heat  the 
exhaust  streams,  a  length  of  1  mm  i.d.  tubing  was  coiled  to  fit 
a  1.3  m  section  within  a  tube  furnace  (Barnstead/Thermolyne 
21100).  Individual  coiled  tubes  heated  the  anode  and  cathode 
exhaust  separately.  SpaciMS  sample  capillaries  were  positioned 
within  the  heated  tubes  to  sample  the  exhaust  streams  in  approx¬ 
imately  the  center  of  the  tube  furnace. 


Fig.  2.  Picture  of  SpaciMS  showing  heated  hose  (black  hose  in  top  RHS) 
containing  sample  capillaries,  12  x -multi-port  valve  (top  center),  magnetic- 
sector  RGA  (LHS).  The  diagonal  tube  is  the  ionization  gauge  (center  lower 
section). 

2.3.  SpaciMS  and  data  system 

The  SpaciMS  used  in  this  study  is  shown  in  Fig.  2  and  was 
based  on  a  magnetic- sector  residual  gas  analyzer  (Vacuum  Tech¬ 
nology,  Inc.)  using  electron  ionization  and  equipped  with  an 
electron  multiplier.  Multiple  fused  silica  capillaries  (Polymi¬ 
cro  Technologies),  1.8  m  long,  50  pm  i.d.,  150  pm  o.d.,  were 
used  to  transport  samples  at  select  locations  throughout  the  fuel 
cell  system  to  a  multi-port  valve  (Valeo).  The  sample  flow  rate 
was  approximately  lOpiLmin-1  for  each  capillary,  and  gases 
were  continuously  drawn  through  all  capillaries.  The  electroni¬ 
cally  controlled  multi-port  valve  was  used  to  select  the  sample 
stream  directed  to  the  MS  for  analysis.  The  MS  and  multi- 
port  valve  were  housed  in  a  95  °C  oven  to  mitigate  sample 
condensation  and  sample-instrument- wall  interactions.  Between 
the  fuel  cell  and  the  heated  SpaciMS,  the  sample  capillaries 
were  housed  in  heated  hoses  (Atmo  Seal,  Inc.)  at  150  °C.  The 
SpaciMS  was  typically  operated  in  a  selected-ion-monitoring 
mode,  and  a  separate  data  system  (National  Instruments)  was 
used  to  record  the  selected  species  concentrations  (e.g.,  H2,  O2, 
N2,  Ar,  H2O),  fuel  cell  output,  and  SpaciMS  pressure  at  1  Hz. 
For  the  setup  used  here,  the  T10-90  response  time  was  1  s.  This 
response  time  is  dominated  by  broadening  in  the  sample  cap¬ 
illary,  and  can  be  reduced  by  using  shorter  capillaries;  in  other 
applications  measurements  have  been  made  with  a  T10-90  of 
100  ms.  For  the  work  reported  here,  the  capillary  length  and 
data  acquisition  rate  were  matched  and  specified  to  the  fuel  cell 
system. 

2.4.  Capillary  probe  access 

For  general  stream  sampling  outside  the  fuel  cell,  standard 
compression  fittings  (Swagelok)  were  used  with  vespel  reducing 
ferrules.  For  the  high-temperature  measurements,  the  ferrules 
were  sufficiently  removed  from  the  heated  zone  to  satisfy  spec¬ 
ifications. 
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The  minimally  invasive  nature  of  the  SpaciMS  capillary  sam¬ 
pling  probes  affords  intra-fuel  cell  measurements.  Specifically, 
the  SpaciMS  sampling  rate  is  0.01%  of  the  100  seem  dry  reac¬ 
tant  flow  rate  per  capillary,  and  each  capillary  takes  up  only 
2.8%  of  the  flow-channel  cross-sectional  area;  i.e.,  SpaciMS  is 
minimally  invasive  both  in  terms  of  sampling  rate  and  physical- 
probe  size.  For  intra-fuel-cell  sampling,  the  capillaries  were 
mounted  in  the  bipolar  plate  parallel  to  a  select  pass  (of  the 
13-pass  serpentine)  approximately  5  mm  into  the  specific  flow 
pass.  Fig.  3a  shows  an  instrumented  bipolar  plate  with  sam¬ 
pling  capillaries  positioned  in  the  inlet  manifold  and  at  the  2  x , 
6x  and  10  x  locations  for  both  the  anode  and  cathode  sides; 
this  corresponds  to  0%,  15%,  46%  and  78%  along  the  serpen¬ 


tine  flow  paths.  The  instrumented  anode  and  cathode  flows  do 
not  correspond  to  the  same  cell  for  the  work  reported  here. 
The  nature  of  the  dual  parallel  serpentine  flow  path  is  clear 
from  Fig.  3a.  The  cathode  flow  path  is  the  transpose  of  the 
anode  flow  path  visible  in  Fig.  3a.  Fig.  3b  shows  a  close  up 
of  the  capillary  installation;  the  minimally  invasive  nature  of 
the  capillaries  is  apparent  from  this  figure.  To  mount  the  capil¬ 
laries,  small  grooves  were  milled  in  the  bipolar  plate  using  a 
router  (Dremel)  and  the  capillaries  were  sealed  and  fixed  in 
place  using  silicone  (GE  Silicone  II).  The  fuel  cell  supplier 
used  silicone  gaskets  between  the  bipolar  plates  and  ME  A. 
The  assembled  and  instrumented  three-cell  PEMFC  is  shown  in 
Fig.  3c. 


Fig.  3.  (a)  Dual-serpentine  path  bipolar  plate  instrumented  with  sample  capillaries,  (b)  detail  of  capillary  insertion  methodology  highlighting  minimally  invasive 
nature  of  sample-capillary  scale  relative  to  the  flow-path  scale,  and  (c)  assembled  three-cell  fuel-cell  stack  with  one  bipolar  plate  instrumented  for  intra-reactor 
species  measurements  on  both  the  anode  and  cathode  sides. 
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Fig.  4.  Cathode-side  O2  and  Ar  transients  associated  with  load  switching,  and 
corresponding  fuel-cell-output  transients. 


measurements  at  PEMFC  temperatures.  The  higher  temperature 
environment  results  in  fewer  sample  molecules  in  the  MS  due 
to  decreased  sample  density,  and  increased  capillary  flow  resis¬ 
tance.  These  effects  posed  no  great  measurement  challenge,  as 
evidenced  by  the  signal-to-noise  ratio  of  the  high-temperature 
measurements  relative  to  the  lower-temperature  (PEMFC-out) 
measurements.  Certainly  at  SOFC-typical  temperatures  quartz 
sample  capillaries  become  fragile  because  the  polyimide  coat¬ 
ing  burns  off  at  temperatures  above  400  °C.  This  is  not  an  issue 
as  long  as  sufficient  care  is  taken;  e.g.,  minimize  vibrations  and 
rough  surfaces  and  edges  scoring  the  capillaries.  No  capillaries 
were  broken  in  these  experiments  and  successful  implementa¬ 
tion  has  been  demonstrated  in  previous  engine-based  catalyst 
experiments  where  vibrations  and  scoring  edges  were  prevalent. 

Fig.  5a  and  b  shows  the  transient  species  distributions  associ¬ 
ated  with  PEMFC  load  switching,  with  the  exhaust  at  900  °C  and 
with  capillaries  positioned  as  described  in  Section  2.2.  The  load 
was  switched  every  120  s  in  discrete  steps  to  ramp  the  output 
power  up  and  down;  the  corresponding  external  resistances  are 


3.  Results  and  discussion 

3.1.  Fuel- cell- effluent  transient  species  measurements 

Measurements  were  made  of  PEMFC  exhaust  species  con¬ 
centration  transients  as  the  load  was  switched.  Discrete  external 
resistances  were  switched  in  the  fuel  cell  circuit  to  produce 
load  switching.  Distinct  step  changes  in  H2,  O2,  H2O  and  Ar 
concentrations  were  observed  to  accompany  load  step  changes. 
Fig.  4  shows  O2  and  Ar  transients  in  the  cathode  effluent  stream 
associated  with  load  switching,  and  the  corresponding  fuel-cell- 
output  transients.  In  general  increasing  load  resulted  in  greater 
H2  and  O2  depletion.  Argon  diluent  concentrations  increased 
with  H2  and  O2  consumption  on  both  the  anode  and  cath¬ 
ode  sides,  respectively;  this  expected  behavior  demonstrates 
the  potential  feasibility  of  performing  major  species  balances. 
High  water  loading  conditions  could  challenge  the  capillary 
sampling  system  resulting  in  partial  transient  capillary  occlu¬ 
sion  or  in  the  worst  case  capillary  clogging;  transient  occlusion 
events  resulted  in  high  frequency  dynamics  on  the  pressure  and 
non- water  species  traces,  and  a  longer-term  water  concentration 
dynamic  as  the  excess  water  was  removed  from  the  capillary. 
Water  blocking  of  the  capillary  stopped  sample  flow  and  caused 
the  SpaciMS  to  go  to  high  vacuum;  this  type  of  water  clogging 
can  often  be  reversed  by  reverse  flow  of  inert  through  the  sam¬ 
ple  capillary.  Water-induced  dynamics  were  most  prevalent  on 
the  cathode  side  at  high  load  conditions.  This  is  expected  since 
cathode- side  water  concentration  should  be  highest  at  high-load 
conditions.  Fow-frequency  variations  in  both  species  concentra¬ 
tions  and  fuel  cell  output  were  observed  even  at  a  steady-load 
condition.  These  are  apparently  due  to  transient  local  reactant 
depletion  or  passivation;  e.g.,  local  water  condensation. 

3.2.  S OF C -temperature  fuel- cell- effluent  transient  species 
measurements 

Measurements  of  dynamic  species  concentrations  at  SOFC 
temperatures  posed  little  additional  challenges  compared  to  the 


Fig.  5.  (a)  Transient  anode  species-pool  dynamics,  at  SOFC-typical  tempera¬ 
tures,  associated  with  fuel-cell  load  switching  and  (b)  transient  cathode  species- 
pool  dynamics,  at  SOFC-typical  temperatures,  associated  with  fuel-cell  load 
switching. 


W.P  Partridge  et  al.  /  Journal  of  Power  Sources  160  (2006)  454-461 


459 


200,  3,  1,  0.1,  1,3  and  200  £2.  The  hysteresis  in  the  output  power 
is  apparently  in  part  due  to  changing  internal  resistance  of  the 
cells.  Species  concentrations  in  Fig.  5a  and  b  are  not  calibrated 
to  percent  concentration  values,  but  are  shown  as  SpaciMS  cur¬ 
rent  output  normalized  to  the  value  at  the  initial  200  £2  load. 1 
What  can  be  qualitatively  assessed  from  the  concentrations  pro¬ 
files  in  Fig.  5a  and  b  is  the  direction  (increasing  or  decreasing) 
and  shape  of  the  concentration  dynamic  associated  with  load 
switching,  and  the  shape  of  a  transient  response  normalized  by 
the  total  signal  change  associated  with  the  corresponding  load 
transient.  The  point  of  these  measurements  was  to  demonstrate 
capability  which  does  not  require  calibration;  calibrated  data  is 
shown  in  the  next  section.  Clear  correlations  between  the  species 
and  output  curves  are  apparent. 

Fig.  5a  anode  curves  show  increasing  H2  and  H2O  deple¬ 
tion  with  increasing  load.  This  is  consistent  with  basic  PEMFC 
electrochemical  reactions  [18].  As  with  the  low-temperature 
measurements,  the  Ar  diluent  concentration  increases  with  H2 
and  H2O  depletion,  demonstrating  the  potential  feasibility  of  a 
complete  major- species  balance.  The  output  voltage  consistently 
displays  initial  high-frequency  and  subsequent  low-frequency 
response  to  step  load  changes;  these  are  very  distinct  at  the 
200-3,  1-0.1  and  3-200  £2  switching  points.  These  distinct 
changes  in  response  behavior  are  likely  indicative  of  changes 
in  the  fundamental  rate  limiting  step  of  the  fuel  cell  chemistry; 
the  ultimate  goal  of  intra-fuel-cell  measurements  is  to  better 
understand  these  changes  and  optimize  the  system  accordingly. 
The  H2  and  Ar  curves  show  some  of  the  transient  nature  of 
the  output  voltage  dynamics.  The  H2O  depletion  appears  to 
occur  more  slowly  compared  to  the  H2  and  Ar  dynamics.  None 
of  the  anode  reactants  are  depleted  for  the  operational  range 
investigated. 

Fig.  5b  cathode  curves  show  increasing  O2  depletion  with 
increasing  load,  and  a  correspondingly  increasing  Ar  balance. 
Despite  the  02-lean  stoichiometry  of  the  fuel  cell  reactant  feed, 
O2  is  not  depleted  even  at  the  highest  load,  0.1  £2,  condition. 
The  O2  concentration  transient  associated  with  the  1-0. 1  £2  load 
step  appears  to  correlate  more  closely  with  the  output  voltage 
dynamic  than  does  the  corresponding  H2  transient;  specifically, 
a  greater  portion  of  the  total  step  O2  concentration  change  is 
contained  in  the  initial  high  frequency  dynamic  than  for  the  H2 
transient.  This  appears  to  indicate  that  the  process  is  limited  by 
O2  at  the  0. 1  £2  load  condition  rather  than  H2  limited.  This  also 
might  be  indicated  by  the  slow  O2  response  associated  with  the 
3-200  £2  step  at  the  end  of  the  scan.  In  fact  the  cathode  scan  in 
Fig.  5b  is  60  s  longer  than  Fig.  5a  anode  scan  because  of  the 
slow  O2  recovery.  This  slow  recovery  might  be  due  to  repopula¬ 
tion  of  the  gas-diffusion  layer,  GDL,  and  membrane  following 
operating  at  or  near  O2  depleting  conditions;  remember  that 
these  experiments  demonstrate  SpaciMS  at  SOFC-typical  tem¬ 


1  Calibration  factors,  %  amp-1,  are  unique  to  each  species  and  SpaciMS 
setting,  so  concentration  changes  associated  with  load  switching  are  not  pro¬ 
portional  for  the  various  species.  Moreover,  the  anode  and  cathode  Ar  curves 
are  not  comparable  because  the  parent  ion,  40  amu,  was  monitored  for  the  cath¬ 
ode  measurements  while  the  doubly  charged  ion,  20  amu,  was  used  for  the  anode 
measurements. 


peratures,  but  that  a  PEMFC  was  used  to  produce  the  species 
dynamics. 

At  SOFC-typical  temperatures  the  SpaciMS  sample  capillar¬ 
ies  become  fragile  due  to  burning  of  the  protective  polyimide 
coating.  In  such  applications,  the  coating  would  in  fact  be 
removed  before  operation  to  prevent  interaction  of  the  polyimide 
combustion  products  with  the  fuel  cell.  The  fragile  nature  of 
uncoated  capillaries  does  not  preclude  high-temperature  appli¬ 
cations.  We  have  demonstrated  that  supported  fused- silica  cap¬ 
illaries  do  not  mechanically  deform  at  SOFC-typical  tempera¬ 
tures;  such  support  could  be  provided  by  a  fuel  cell  wall  or  more 
robust  ceramic  sleeve.  Moreover,  these  capillaries  can  be  bent, 
even  against  sharp  edges,  at  high  temperature  without  breaking. 
The  major  vulnerability  of  these  uncoated  capillaries  is  scoring 
and  vibration;  neither  of  which  is  an  issue  in  bench  fuel  cell 
evaluations.  While  care  must  be  taken  with  uncoated  sample 
capillaries  associated  with  high-temperature  applications,  this 
does  not  preclude  SpaciMS  SOFC  applications. 

The  high-temperature  measurements  demonstrate  the  appli¬ 
cability  of  SpaciMS  to  SOFC  environments.  Details  of  the  tran¬ 
sient  response  nature  demonstrate  the  value  of  the  SpaciMS  for 
elucidating  fundamental  kinetic  limitations  in  the  fuel  cell  oper¬ 
ation.  This  information  could  be  used  to  improve  fuel  cell  effi¬ 
ciency  by  optimizing  operational  parameters,  flow-path  design, 
GDL  and  membrane  materials  properties  (e.g.,  diffusion  rates), 
etc.  These  insights  are  generally  available  from  fast  fuel-cell- 
effluent  diagnostics,  and  can  be  used  to  optimize  a  fuel  cell 
relative  to  its  average  or  integrated  conditions.  The  limitation  of 
this  type  of  analysis  is  that  the  fuel  cell  conditions  are  not  uni¬ 
form  at  some  average  value.  Rather,  intra-fuel-cell  conditions 
are  distributed  and  dynamic.  For  example  one  of  the  many  dif¬ 
fusive  processes  might  limit  the  process  at  the  flow-path  front, 
another  might  be  limiting  further  down  the  flow  path,  and  one 
reactant  might  become  depleted  at  the  back  of  the  flow  path. 
This  distributed  performance  can  change  with  time;  for  instance, 
with  localized  and  transient  flooding  or  drying  of  the  active 
sites.  Without  detailed  knowledge  of  the  local  intra- fuel-cell 
conditions,  the  process  cannot  be  fully  optimized.  Intra-fuel- 
cell  diagnostics  can  provide  insights  for  realizing  new  realms  of 
efficiency  improvements. 

3.3.  Intra-fuel-cell  species  distribution  measurements 

Intra-PEMFC  species  measurements  were  expected  to  be 
one  of  the  most  challenging  SpaciMS  applications  due  to  the 
condensing  nature  of  the  environment;  specifically,  due  to  the 
possibility  for  capillary  occlusion  by  condensed  water.  Despite 
initial  plans  to  mitigate  water  issues  by  housing  the  sample  cap¬ 
illary  in  a  heated  and  insulated  0.5  mm  o.d.  sleeve,  bare  quartz 
unheated  capillaries  were  used  for  the  work  reported  here.  Even 
in  this  most  vulnerable  sampling  scenario,  no  water-clogging 
challenges  were  experienced  with  any  of  the  intra- PEMFC  cap¬ 
illaries.  This  is  notable  particularly  because  realistic  water  con¬ 
centrations  were  used.  In  fact,  the  water-associated  sampling 
challenges  were  strictly  confined  to  the  capillaries  outside  the 
PEMFC.  Certainly,  water  occlusion  of  SpaciMS  sample  cap¬ 
illaries  will  present  challenges  in  certain  PEMFC  conditions. 
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Fig.  6.  In  situ  intra-fuel-cell  measurements  of  O2  distribution  along  the  serpen¬ 
tine  flow  path  at  five  fuel  cell  power  levels.  Uncertainty  bars  represent  ±3-sigma 
noise  fluctuations. 

However,  the  highly  humid  PEMFC  environment  does  not  pre¬ 
clude  intra-fuel-cell  SpaciMS  measurements  of  transient  species 
distributions  as  is  demonstrated  below. 

Intra-PEMFC  SpaciMS  measurements  have  been  used  to 
resolve  localized  O2  consumption  within  the  instrumented  cell, 
as  well  as  intra-cell  and  inter-cell  non-uniformities.  Fig.  6  shows 
the  oxygen  distribution  through  the  PEMFC  and  the  3 -sigma 
noise  fluctuations,  for  five  different  load  conditions.  The  3 -sigma 
noise  is  based  on  the  sample  standard  deviation  of  approximately 
49  data  points;  the  corresponding  uncertainty  based  on  the  stan¬ 
dard  deviation  of  the  mean  is  indicated  by  the  noise  value  in 
Fig.  6  divided  by  7  (square  root  of  49).  Clearly  the  measurement 
uncertainty  is  completely  adequate  to  resolve  the  oxygen  varia¬ 
tions  in  Fig.  6.  The  measurements  used  capillaries  installed  in  the 
fuel  cell  at  OF,  0. 15F,  0.46F  and  0.78F,  where  F  is  the  serpentine 
path-length.  The  measurements  at  OF  used  a  capillary  positioned 
in  the  cathode- side  intake  manifold,  and  the  measurements  at 
IF  used  a  capillary  positioned  outside  the  stack  in  the  cathode 
exhaust  stream.  The  loads  corresponded  to  five  fixed  external 
resistances  applied  to  the  stack  terminals;  in  order  of  increas¬ 
ing  fuel  cell  output  power  these  resistances  were  50,  10,  5,  3, 
and  1  Q.  Fig.  6  indicates  monotonically  increasing  oxygen  con¬ 
sumption  along  the  instrumented  cathode  flow  path  within  the 
stack.  At  all  locations  the  oxygen  consumption  increases  with 
increasing  output.  For  all  loads  investigated,  the  IF  (effluent) 
oxygen  concentration  is  greater  than  that  at  the  0.78F  (internal) 
location. 

The  increasing  oxygen  concentration  in  the  exhaust  relative 
to  the  0.78F  intra- fuel-cell  location  indicates  anomalous  per¬ 
formance  behavior;  either  inter-cell  efficiency  variations  and/or 
flow-path  shorting.  As  mentioned  earlier,  these  measurements 
were  performed  on  one  cell  of  a  three-parallel-cell  PEMFC 
with  common  inlet  and  exit  manifolds.  Separate  measurements 
indicated  no  air  leaks;  thus,  the  observed  phenomenon  is  not 
simply  due  to  oxygen  diffusion  into  the  system  from  the  sur¬ 
rounding  atmosphere.  The  behavior  of  Fig.  6  may  indicate  that 
other  parallel  (not  instrumented/measured)  cells  are  less  effi¬ 


cient  than  the  instrumented  cell;  if  those  other  cells  are  less 
efficient,  they  would  use  less  oxygen  than  the  instrumented  cell 
and  subsequently  increase  the  oxygen  concentration  in  the  com¬ 
mon  exhaust  manifold.  For  instance  at  1  Q  and  based  on  the 
0.78F  conditions,  the  instrumented  cell  appears  to  be  exhaust¬ 
ing  0%  oxygen,  but  the  two  parallel  cells  may  be  exhausting 
some  combination  of  oxygen  concentration  that  averages  to 
approximately  8%.  This  interpretation  would  indicate  cell-to- 
cell  non-uniformity  and  further  demonstrates  the  need  for  intra¬ 
fuel-cell  species  distribution  measurements.  The  validity  of  this 
interpretation  could  be  assessed  via  cell-specific  fuel  cell  out¬ 
put  measurements.  Alternatively,  the  reactants  may  be  shorting 
the  flow  path;  i.e.,  reactants  may  be  flowing  across  the  flow-path 
lands  through  the  GDF  rather  than  following  the  serpentine  flow 
path.  In  this  case,  the  reactants  may  be  flowing  diagonally  in 
Fig.  3a  from  the  inlet  to  outlet  manifold  locations.  The  result 
of  flow-path  shorting  would  be  a  lower  reactant  concentration 
at  the  serpentine  path  turning  points,  where  the  capillaries  are 
positioned,  compared  to  the  flow-pass  center.  The  validity  of 
this  interpretation  could  be  assessed  via  measurements  of  reac¬ 
tant  distribution  along  each  flow-path  pass.  The  results  of  Fig.  6 
may  be  consistent  with  some  combination  of  cell-to-cell  non¬ 
uniformity  and  flow-path  shorting. 

Fig.  6  also  shows  significant  oxygen  consumption  for  the  1  Q 
case,  with  the  oxygen  being  depleted  somewhere  between  the 
0.15F  and  0.46F  locations;  i.e.,  in  this  case  the  back  54-85%  of 
the  flow  path  is  inactive  due  to  an  oxygen  limited  condition.  This 
is  a  very  clear  demonstration  of  an  undesirable  intra-cell  reac¬ 
tant  gradient,  and  also  demonstrates  the  concept  of  a  spatially 
varying  limiting  step.  Although  the  back  end  of  the  flow  path  is 
clearly  reactant  limited,  the  front  portion  has  some  other  limiting 
step;  e.g.,  oxygen  diffusion  to  the  membrane  triple-phase  sites, 
etc.  This  type  of  data  can  be  used  to  design  out  efficiency  lim¬ 
itations  like  those  obvious  in  Fig.  6  at  high  load;  e.g.,  different 
reactant  feed  concentrations  and/or  flowrates,  graded  active  sites 
to  control  and  distribute  the  reaction,  alternate  flow  geometries, 
modified  GDF/membrane  properties  to  control  the  reaction,  etc. 

The  high-load  results  of  Fig.  6  are  consistent  with  the  inde¬ 
pendent  high-temperature  measurements  of  Fig.  5b.  Specifically, 
Fig.  5b  suggests  that  the  high-load,  0.1  Q,  case  was  oxygen- 
limited  although  the  fuel  cell  effluent  oxygen  is  not  depleted 
at  this  condition.  We  can  see  from  the  intra- fuel-cell  measure¬ 
ments  of  Fig.  6  that  indeed  an  oxygen  limited  condition  exists 
at  high-load  operation  in  the  instrumented  cell.  This  produces 
the  correlation  between  the  O2  and  fuel  cell  output  observed 
in  Fig.  5b.  However,  this  behavior  is  diluted  by  the  less  effi¬ 
cient  parallel  cells  which  on  average  do  not  consume  O2  as 
efficiently  as  the  instrumented  cell  and/or  flow-path  shorting  as 
discussed  above;  either  or  a  combination  of  these  non-uniform 
effects  account  for  the  lack  of  O2  depletion  in  Fig.  5b  at  high 
load. 

SpaciMS  measurements  of  transient  water  concentration 
were  demonstrated.  Intra-fuel-cell  water  distribution  measure¬ 
ments  were  also  made  but  not  reported  here.  These  measure¬ 
ments  can  be  calibrated  to  conventional  concentration  units  as 
were  the  intra- fuel-cell  oxygen  measurements.  Relative  humid¬ 
ity  is  a  complex  parameter  which  combines  both  local  water  con- 
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centration  and  temperature.  By  combining  the  SpaciMS  water 
concentration  measurements  with  spatially  resolved  intra-fuel- 
cell  temperature  measurements,  the  transient  relative  humidity 
distributions  throughout  an  operating  fuel  cell  could  be  mea¬ 
sured.  We  have  recently  demonstrated  such  measurements  and 
will  report  them  in  a  follow-on  manuscript. 

4.  Conclusions 

Fuel  cell  effluent  measurements  of  transient  species  con¬ 
centrations  associated  with  load  switching  have  been  made  at 
PEMFC-  and  SOFC-typical  temperatures  using  the  SpaciMS 
instrument.  SpaciMS  analysis  is  applicable  to  a  broad  range  of 
fuel  cell  types.  The  direct  capillary  sampling  and  MS  analy¬ 
sis  of  the  SpaciMS  instrument  provide  high  temporal  resolution 
and  broad  species  applicability  while  being  minimally  invasive. 
Despite  the  challenging  nature  of  PEMFC  condensing  environ¬ 
ments  to  capillary  sampling  techniques,  we  were  able  to  make 
in  situ  intra- PEMFC  SpaciMS  measurements  at  realistic  humid¬ 
ity  levels.  These  measurements  demonstrated  the  relationship 
between  fuel  cell  output  power  and  oxygen  consumption  along 
the  cathode  serpentine  flow  path.  Moreover,  the  intra-PEMFC 
measurements  identified  intra-cell  concentration  gradients  and 
non-uniformities,  as  well  as  anomalous  operation.  At  all  loads 
the  anomalous  operation  was  indicated  by  a  greater  oxygen  con¬ 
centration  in  the  common  exhaust  manifold  than  at  the  0.78L 
intra-PEMFC  location,  which  suggests  some  combination  of 
cell-to-cell  non-uniformity  and/or  flow-path  shorting  through 
the  GDL. 

Intra- fuel-cell  measurements  provide  a  more  detailed  under¬ 
standing  of  the  instantaneous  and  local  chemistry  and  physics. 
This  advanced  understanding  can  allow  efficiency  improve¬ 
ments  to  be  realized  where  the  fuel  cell  process  is  locally 
optimized  throughout  the  reactor,  instead  of  an  average  or  inte¬ 
grated  basis.  Intra- fuel-cell  analysis  allows  improvements  over  a 
broad  range  of  process  components  including  flow-path  design, 
reactant  stream  concentrations,  and  material  formulations.  Fur¬ 
thermore,  intra-fuel-cell  measurements  can  be  used  to  better 
understand  degradation  processes  such  as  start-stop  and  thermal 
cycling,  effects  of  fuel-borne  or  air-borne  impurities,  localized 
drying,  membrane  and  bipolar  plate  degradation,  etc. 
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